Study Objectives: REM sleep behavior disorder (RBD) is a parasomnia affecting 33% to 46% of patients with Parkinson's disease (PD). The existence of a unique and specific impaired cognitive profile in PD patients with RBD is still controversial. We extensively assessed cognitive functions to identify whether RBD is associated with more severe cognitive deficits in nondemented patients with PD. Methods: One hundred sixty-two participants, including 53 PD patients with RBD, 40 PD patients without RBD, and 69 healthy subjects, underwent polysomnography, a neurological assessment and an extensive neuropsychological exam to assess attention, executive functions, episodic learning and memory, visuospatial abilities, and language. Results: PD patients with RBD had poorer and clinically impaired performance in several cognitive tests compared to PD patients without RBD and healthy subjects. These two latter groups were similar on all cognitive measures. Mild cognitive impairment (MCI) diagnosis frequency was almost threefold higher in PD patients with RBD compared to PD patients without RBD (66% vs. 23%, p < .001). Moreover, subjective cognitive decline was reported in 89% of PD patients with RBD compared to 58% of PD patients without RBD (p = .024). Conclusions: RBD in PD is associated with a more impaired cognitive profile and higher MCI diagnosis frequency, suggesting more severe and widespread neurodegeneration. This patient subgroup and their caregivers should receive targeted medical attention to better detect and monitor impairment and to enable the development of management interventions for cognitive decline and its consequences.
INTRODUCTION
Parkinson's disease (PD) is a neurodegenerative condition characterized by motor and nonmotor symptoms. Cognitive decline and sleep dysfunction are among the most common of these symptoms, with major consequences for patients as well as relatives and caregivers. 1 The main cognitive domains affected in PD are attention, executive functions, episodic learning and memory, and visuospatial abilities. 2, 3 Cross-sectional studies have reported a 30% prevalence of dementia in PD, [2] [3] [4] [5] while longitudinal studies have shown that 75% to 80% of PD patients may develop cognitive impairment within 15 to 20 years of disease onset. 4, 6 Clinical risk factors for dementia and cognitive decline that have been identified in PD include age, disease duration, mild cognitive impairment (MCI), subjective cognitive decline (SCD), REM sleep behavior disorder (RBD), and orthostatic hypotension. 2, 7, 8 RBD is a parasomnia characterized by loss of REM sleep muscle atonia, resulting in undesirable motor activity during REM sleep as people "act out their dreams." RBD prevalence in PD ranges from 33% to 46% when diagnosed with polysomnography (PSG). 9, 10 Although RBD is a risk factor for dementia in PD, 7, 11 there is a lack of consensus in the literature on the existence of a distinct cognitive profile in nondemented PD patients based on the presence of RBD. 1 Indeed, some studies have associated the presence of RBD in PD with more severe cognitive impairment and higher MCI frequency, [12] [13] [14] [15] [16] [17] [18] [19] whereas others have not. [20] [21] [22] [23] [24] [25] [26] However, most of these studies have methodological limitations that could explain the divergent results, including the use of screening tests with poor sensitivity to measure cognition, 17, 18, [21] [22] [23] 25 absence of PSG to diagnose RBD, 12, 14, 16, 18, 19, [21] [22] [23] 25 small sample size, [13] [14] [15] 18, 20, 24 absence of MCI diagnosis, 12, [15] [16] [17] [18] [20] [21] [22] [23] [24] [25] [26] or absence of a healthy control group to better interpret the results. 12, 14, [16] [17] [18] [20] [21] [22] [23] [24] [25] We previously reported neuropsychological findings in a small sample cohort of PD patients. 13 In the present study, we used an extensive neuropsychological assessment to investigate cognition and PSG exams to confirm RBD in three PD cohorts (original, replication, and combined), and we included a healthy control group without cognitive impairment for comparison. We also investigated MCI diagnosis frequency in the combined PD cohort using the MCI diagnostic criteria proposed by the Movement Disorder Society Task Force. 27 Moreover, we performed additional analyses to determine the frequency of SCD in PD-RBD compared to PD-nRBD and to explore the association between cognition, gender, and RBD onset in PD patients with RBD.
METHODS

Participants
One hundred eighty-six subjects participated in the study. PD patients were recruited at the Department of Neurology of the Montreal General Hospital and the Unité des troubles du mouvement André Barbeau of the Centre Hospitalier de l'Université de Montréal to participate in a study on sleep and cognition in PD. All PD patients but five (all idiopathic RBD patients seen in our sleep clinic who developed PD during the follow-up) were consecutive patients seen at their annual
Statement of Significance
This study shows that REM sleep behavior disorder is a major risk factor for poorer cognitive performance and mild cognitive impairment in Parkinson's disease (PD). Therefore, this subgroup of patients should be targeted in future clinical trials on the progression of cognitive decline in PD. assessment in a movement disorder clinic and were referred by a neurologist (RBP, SC, or MP) for this study regardless of the patient's sleep and cognitive complaints. Inclusion criteria for PD patients were: (1) a diagnosis of probable idiopathic PD confirmed by a neurologist specialized in movement disorders, 28 (2) age from 40 to 80 years, and (3) at least 6 years of schooling (completed elementary school). Exclusion criteria were: (1) parkinsonism of other cause than PD; (2) presence of dementia according to the neuropsychological assessment and neurological exam; (3) a major psychiatric disorder (including major depression, schizophrenia, bipolar disorder) according to the criteria of the Diagnostic and Statistical Manual of Mental Disorders, Fourth Edition, Text Revision; 29 (4) a respiratory event index (apneas plus hypopneas) ≥ 20; (5) history of head injury, brain tumor, encephalitis, stroke, unstable hypertension, diabetes, or chronic obstructive pulmonary disease; and (6) abnormal electroencephalography (EEG) suggesting epilepsy. Dopaminergic medication was converted to levodopa dose equivalents. Details on medication are presented in Table 1 . Control subjects without PD or cognitive impairment were recruited through a newspaper advertisement or by word of mouth and were subject to the same inclusion and exclusion criteria. The protocol was approved by a hospital-university ethics committee and participants gave their written informed consent to participate.
Procedure
All participants underwent one-night PSG recordings in the sleep laboratory. Sleep was recorded using a polygraph composed of two EEG electrodes: a central (C3/A2) and an occipital (O2/A1). A left and right electro-oculogram were used to measure eye movements and a submental electromyography (EMG) to measure muscle activity. Oral and nasal airflow and thoracic and abdominal movements were recorded, and oximetry was performed to exclude sleep apnea and hypopnea syndrome. Sleep stages were recorded according to a method developed for RBD patients and described in detail elsewhere. 30 RBD was diagnosed by a sleep specialist (JM) according to the criteria of the International Classification of Sleep Disorders, Second Edition and PSG criteria. 30, 31 Percentages of REM tonic and phasic EMG activity were calculated using a previously published method. 30 All patients underwent a detailed neurological examination (RBP), including administration of the Unified Parkinson's Disease Rating Scale. 32 The Beck Depressive Inventory, Second Edition, 33 and Beck Anxiety Inventory 34 were administrated to quantify depressive and anxiety symptom severity. The Epworth Sleepiness Scale (ESS) 35 and Insomnia Severity Index 36 were used to assess daytime sleepiness and insomnia symptom severity.
The neuropsychological assessment was divided into two 90-minute sessions and included measures of five cognitive domains: attention, executive functions, episodic verbal and nonverbal learning and memory, visuospatial abilities, and language (neuropsychological tests, variables, and normative data are presented in Supplementary Table 1) . Test administration and scoring followed standard procedures. 37 All patients took their usual medications prior to neuropsychological assessment. MCI diagnosis was established by a consensus between the neurologist and neuropsychologist according to the Movement Disorder Society Task Force criteria 27 as: (1) a subjective cognitive complaint during the interview with the participant or spouse/caregiver, or a score > 25, or the response 3 (quite often) or 4 (very often) on at least one item on the Cognitive Failure Questionnaire (CFQ); 38 (2) objective evidence of cognitive decline defined by performance at 1.5 standard deviations below the standardized mean on at least two variables in the same cognitive domain (Supplementary Table 1 ); and (3) the cognitive impairment does not significantly alter daily living activities and functioning. Impaired daily functioning was determined during the interview with patients and their relatives. Impairment was assessed in terms of decline in several activities, including managing finances, performing chores, preparing meals, shopping, driving, and using public transportation. MCI subtypes were defined as: amnestic MCI-single domain, nonamnestic MCI-single domain, amnestic MCI-multiple domain, or nonamnestic MCI-multiple domain. SCD was identified in PD patients without MCI by a subjective cognitive complaint during the interview with the participant or spouse/ caregiver, or a score > 25, or the response 3 (quite often) or 4 (very often) on at least one item on the CFQ.
38
Statistical Analysis
We first divided PD patients with and without RBD (PD-RBD and PD-nRBD) into the original cohort (previously published study), 13 a replication cohort (new patients), and a combined cohort. Independent sample t-tests or nonparametric U MannWhitney tests (for not normally distributed variables) were applied to compare demographic, clinical, and mood variables between PD-RBD and PD-nRBD participants in the original, replication, and combined cohort, and univariate analyses of variance were applied to compare demographic, clinical, and mood variables between PD-RBD, PD-nRBD, and healthy controls. Subsequent univariate analyses of covariance with Bonferroni post hoc set at p < .05 were performed to assess cognitive performance between PD-RBD and PD-nRBD patients (original and replication cohorts) and between patients and controls in the combined cohort. Univariate analyses of covariance were also performed for additional analyses in the combined PD-RBD group to compare cognitive performance between gender (men vs. women), and RBD onset (prior vs. same time/ after PD diagnosis), and in the combined cohorts to compare cognition between men only (PD-RBD vs. PD-nRBD vs. controls) and between women only (PD-RBD vs. PD-nRBD vs. controls). Certain cognitive variables were log transformed to ensure normality of distribution. Age and sex were included as covariates in the analysis of cognitive performance, for all three-cohort comparisons, given that they differed significantly between PD groups and were related to cognitive performance. Pearson's or the nonparametric Spearman's correlations were conducted between the percentages of REM sleep EMG activity (tonic or phasic) and cognitive variables in all PD patients. Pearson χ 2 tests were used to compare proportions of men, medication users (levodopa, dopamine agonist, anxiolytic, and antidepressant), patients with clinically impaired cognitive performance (≥ 1.5 standard deviations below the standardized mean in PD-RBD vs. PD-nRBD), MCI diagnosis (PD-RBD vs. PD-nRBD), and SCD (PD-RBD without MCI vs. PD-nRBD without MCI). The association between RBD and each cognitive variable was defined as highly probable if all three cohorts (original, replication, and combined) showed a significant association with p < .05 for each cohort, probable if in two of three cohorts p < .05, possible if one cohort showed a significant association with p < .05, and probably not associated if all p values were p > .05. All analyses were computed using Statistical Package for the Social Sciences version 21 (Chicago, Illinois).
RESULTS
From the initial sample, 24 participants were excluded: 4 PD-RBD patients, 8 PD-nRBD patients, and 12 controls. Reasons for exclusion included sleep apnea (4 PD-RBD, 4 PD-nRBD, 3 controls), lower education (4 controls), atypical PD (4 PD-nRBD), and presence of MCI or dementia (5 controls). Of the remaining 162 participants, 53 were classified as PD-RBD, 40 were PD-nRBD, and 69 were healthy controls.
Demographic, Clinical, and Mood Characteristics
Results for the combined cohort are presented in Table 1 , and results for the original and the replication cohorts are presented in the Supplementary Table 2. In both the original and combined cohort, the proportion of men was significantly higher in PD-RBD patients compared to PD-nRBD patients and controls. PD-RBD patients were also significantly older and had lower MMSE scores than PD-nRBD patients in the replication cohort, the combined cohort, and versus controls. In both the replication and combined cohorts, the proportion of PD-nRBD patients using a dopaminergic agonist was higher compared to PD-RBD patients. Of the three PD cohorts, PD-RBD patients had the highest REM tonic and phasic EMG activity. In the replication cohort, PD-RBD patients had a more advanced stage of PD. No significant between-group differences were found for education, PD duration (diagnosis), motor symptom severity, levodopa use and dosage, or antidepressant and anxiolytic use. No significant differences were found in the sleep and mood questionnaires between the two PD groups. However, both PD groups scored higher than controls on all questionnaires. No correlation was observed between questionnaire scores and cognitive test performance. The results were similar between the original and replication PD cohorts except for a younger age for the replication PD-nRBD cohort.
Neuropsychological Assessment
Cognitive Performance
Results for the three PD cohorts are presented in Table 2 
Auditory-Verbal Learning Test [delayed recall])
. No significant association was found between RBD and impaired cognitive performance for episodic nonverbal learning and memory and language. The results were similar between the original and replication PD cohorts except for poorer performance on visuospatial abilities for the original PD-RBD cohort.
Additional analyses on the PD-RBD group revealed that men performed worse than women on the Rey Auditory-Verbal Learning Test (sum of trials 1 to 5, delayed recall, and recognition) and Bells test (Supplementary Table 3 ). Moreover, PD-RBD patients with RBD onset prior to PD diagnosis performed worse than PD-RBD patients with RBD onset at the same time/after PD diagnosis on the Verbal Fluency (letter) and Boston Naming Test (Supplementary Table 4 ). In addition, a higher proportion of RBD-PD patients had clinically impaired performance compared to PD-nRBD patients on the following cognitive tests: the Stroop Color-Word Test (III-II, time and errors; IV-III, time and errors), Trail Making Test (part B, time), Verbal Fluency (semantic), Rey Auditory-Verbal Learning Test (sum of trials 1 to 5, immediate recall), and Rey-O Complex Figure Test (copy) (Figure 1 ).
Comparing combined PD cohort to healthy subjects ( . No significant differences were found between PD-nRBD patients and controls for all cognitive tests. Overall, most of the previous results remained significant when comparing men and women only but with slightly lower effects when comparing women, probably due to the smaller sample size ( Table 2) .
Correlations were performed for PD patients as one group between the percentage of REM sleep EMG activity and the cognitive variables ( 
Mild Cognitive Impairment and Subjective Cognitive Decline
MCI diagnosis frequency and subtypes are presented in Table 4 . MCI diagnosis was more frequent in PD-RBD patients (66%) compared to PD-nRBD patients (23%) (p < .001). Of the PD-RBD patients, 24% had MCI-single domain (9% amnestic MCI, 15% nonamnestic MCI), and 42% had MCI-multiple domain (23% amnestic MCI, 19% nonamnestic MCI). Of the PD-nRBD patients, 8% had the MCI-single domain subtype (3% amnestic MCI, 5% nonamnestic MCI) and 15% had MCI-multiple domain (7.5% amnestic MCI, 7.5% nonamnestic MCI). Three (33%) of the 9 PD-nRBD patients with MCI diagnosis had excessive REM sleep muscle tone without history or presence of movements during REM sleep during PSG (prodromal RBD). Moreover, SCD frequency was higher in PD-RBD patients without MCI (16 out of 18, 89%) compared to PD-nRBD patients without MCI (18 out of 31, 58%) (p = .024).
DISCUSSION
There is a lack of consensus in the literature on a cross-sectional association between RBD and poorer cognitive performance in nondemented individuals with PD.
1 This is mainly due to methodological differences and limits between the studies. In the present study, we compared performance on a broad range of cognitive tests in two different cohorts of nondemented PD patients with and without RBD confirmed by PSG. We found highly probable or probable associations between the presence of RBD in PD and poorer performance on cognitive tests measuring attention, executive functions, episodic verbal learning and memory, and visuospatial abilities. Preliminary results in the PD-RBD group also show that men and patients with RBD onset prior to PD diagnosis are at higher risk of poorer cognitive performance. In the analyses using the combined PD cohort, we included a healthy control group to better interpret the results. We found that, in addition to the above-mentioned cognitive deficits, compared to controls, PD-RBD patients had poorer performance on cognitive test measuring delayed recall and recognition of verbal information, and language. PD patients without RBD had similar cognitive performance to controls on all cognitive tests. Two PSG manifestations of RBD, that is, excessive tonic and phasic EMG activity during REM sleep, were associated with poorer performance on several cognitive tests in PD. Moreover, using the proposed criteria for MCI diagnosis in PD, 27 we found almost threefold higher frequency of MCI diagnosis in PD-RBD patients compared to PD patients without RBD. Taken together, these results indicate that RBD is strongly associated with cognitive impairment in PD.
Our results are consistent with other longitudinal studies suggesting that the presence of RBD in individuals with PD is an important clinical risk factor for the development of dementia. 7, 11, 39, 40 Another clinical risk factor for cognitive decline and dementia in the general population is SCD, which is characterized by a self-perception of a decline in cognitive performance in daily life in the absence of objective cognitive impairment measured by neuropsychological assessment. 41 In PD, the presence of SCD has been poorly studied. One study reported that SCD in PD with normal cognition predicts future cognitive decline. 8 We found a higher frequency of SCD in PD-RBD patients. Although this result should be validated in a larger cohort and its predictive value determined in a longitudinal design, our results strengthen the link between RBD and the risk of cognitive decline in PD, even in patients with normal cognition. Consequently, PD patients with cognitive impairment should be carefully screened clinically for the presence of RBD. This subgroup of patients should also be targeted in future clinical trials on the progression of cognitive decline in PD.
Cognitive impairment, determined by poorer cognitive performance or by the presence of MCI or dementia, is a wellknown nonmotor feature in PD. 2, 27 Two distinct patterns of cognitive deficits have been identified in PD. 27, 42 The first pattern is more related to posterior cortically based cognitive deficits, probably reflecting nondopaminergic cortical dysfunction associated with explicit memory and visuospatial deficits. The second pattern is related more to frontostriatal cognitive deficits, reflecting dopaminergic dysfunctions associated with attention and executive deficits. It has been suggested that the dementia incidence in patients with PD was associated with posterior cortical deficits, whereas frontostriatal deficits were not. 27, 42 Nevertheless, patients with PD are commonly characterized by a range of heterogeneous cognitive impairments, even in early stage, suggesting that 15% of patients with PD can present with both patterns of cognitive deficits. 42 In the present study, PD-RBD patients had poorer performance on cognitive tasks measuring working memory, visual search, mental flexibility, processing speed, cognitive inhibition, word retrieval and delayed recall of verbal information, and visuospatial organization compared to PD patients without RBD. Their cognitive profile reflects both frontostriatal and posterior cortical deficits.
The mechanisms underlying the association between cognitive impairment and RBD in PD remain to be determined. RBD has been associated with lesions of the brainstem regions involved in muscle atonia and motor control during REM sleep. 43 However, much evidence now suggests that RBD is more than a simple sleep disorder, and that patients having RBD are at high risk for developing dementia. 44 Moreover, cortical dysfunctions such as cortical hypometabolism, EEG slowing, and cortical thickness have also been identified in RBD patients without PD. [45] [46] [47] Individuals with concomitant PD and RBD have more specific brain anatomical and functional changes compared to PD patients without RBD. In deed, several studies using quantitative EEG, event-related potentials, magnetic resonance imaging (voxel-based morphometry), and positron emission tomography ([11C] methylpiperidyl propionate acetylcholinesterase) have reported brain dysfunctions associated with the presence of RBD in PD. [48] [49] [50] [51] [52] Ford et al. 50 reported subtle changes in white matter integrity (widespread) and reductions in gray matter volume (posterior areas) in PD with clinical RBD. Recently, a study also found smaller volumes in the pontomesencephalic tegmentum, medullary reticular formation, hypothalamus, thalamus, putamen, amygdala, and anterior cingulate cortex in PD patient with clinical RBD. 51 In a functional neuroimaging study, Kotagal et al. 52 showed that the presence of clinical RBD in PD could be accounted for by progressive neocortical, limbic, cortical, and thalamic cholinergic denervation. Dysfunctions of cholinergic systems, namely the nucleus basalis of Meynert and pedunculopontine nucleus, and their projections to subcortical and cortical regions have been related to cognitive impairment in PD. 53, 54 Other studies have identified a distinct clinical subtype in PD related to the presence of RBD, with higher risk for dysautonomia, hallucinations, freezing and falls, symmetric disease, and a nontremor dominant subtype. [55] [56] [57] Some of these nonmotor features have also been related to cholinergic impairment in PD. 54 This suggests a common cholinergic mechanism between RBD, cognitive decline, and other nonmotor features in this population.
Interestingly, some of these previous studies reported that PD patients without RBD were similar to healthy controls except for motor impairment. 48, 55, 56 This is similar to our results showing normal cognitive functioning in PD patients without RBD, suggesting that the presence of RBD in individuals with PD is associated with a more severe subtype of the disease, with a strong negative prognostic. 40 Therefore, PD-RBD patients should be considered as a distinct PD subgroup, not only for neuroprotective trials or for examinations of the underlying pathophysiological mechanisms but also for the development of animal models of PD. It remains to determine whether RBD onset in the course of PD is the starting point for more rapid and pronounced neurodegeneration. Follow-up of these patients will be important to detect the emergence of cognitive decline, dysautonomia, hallucinations, and gait and balance difficulties and to provide medical attention and management to the patients and their caregivers.
This study includes certain limitations. First, the PD-RBD group was older and contained a higher proportion of men compared to the PD-nRBD and control groups. Although we controlled for age and gender and performed additional analyses with gender as the independent variable, we cannot discount potential age or gender effects on some of our results. Moreover, the proportion of patients taking dopaminergic agonists was also higher in the PD-nRBD compared to the PD-RBD group. The chronic cognitive effects of dopaminergic agonists in PD remain controversial, 58 and further studies are needed to better understand their impacts on PD in terms of cognition and RBD status. Second, there is neither a systematic definition of SCD nor a standardized method to measure SCD in PD populations. Our results should therefore be confirmed in larger PD populations using appropriate SCD assessment methods. Finally, although cognitive performance was similar between PD-nRBD and healthy subjects, future studies may find differences in larger-sized samples, or differences in cognitive functions that were not deeply examined in the present study (eg, language, planning, working memory, and procedural learning).
In conclusion, RBD in PD is associated with higher risks for cognitive deficits. In addition, the presence of RBD in PD increases the risk of a MCI diagnosis and SCD, which are associated with cognitive decline and dementia development in PD. Future studies attempting to identify a distinct cognitive profile in PD with RBD should use a greater variety of tests to more deeply assess all the language components (ie, naming, reading, writing, understanding, and pragmatism) and higher executive functions (ie, planning, problem solving) as well as procedural learning. 
